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Measurements of the resistivity, magnetoresistance and penetration depth were made on films of 
Lai.85Sro.i5Cu04, with up to 12 at.% of Zn substituted for the Cu. The results show that the 
quadratic temperature dependence of the inverse square of the penetration depth, indicative of d- 
wave superconductivity, is not affected by doping. The suppression of superconductivity leads to a 
metallic nonsuperconducting phase, as expected for a pairing mechanism related to spin fluctuations. 
The metal-insulator transition occurs in the vicinity of kpl ~ 1, and appears to be disorder-driven, 
with the carrier concentration unaffected by doping. 
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Although there is strong evidence for d-wave symme- 
try of the order parameter in high-T c superconductors 
[jlj , earlier experiments do not distinguish between mech- 
anisms that lead to pure d x i_ y i symmetry |2|, and others 
that allow an admixture of s-wave pairing ||. 

In this letter we describe the suppression of super- 
conductivity by disorder, with the conclusion that pure 
d-wave symmetry continues until the superconductivity 
disappears. The experiment is based on the fact that dis- 
order strongly suppresses d-wave pairing, and may there- 
fore lead to a transition from the superconducting state 
to a normal-metal state. Any s-wave pairing would be 
less strongly affected, so that in its presence supercon- 
ductivity would be expected to persist until, with greater 
disorder, it is destroyed at the metal-insulator transition. 

Studies of the T c -suppression in electron-irradiated 
YBa 2 Cu307-,5 (YBCO) @, or in Zn-doped YBCO and 
La 2 _ 2; Sr a ;Cu04 (LSCO) Q did not address the question 
of the nature of the nonsuperconducting phase. Our pre- 
vious study showed the existence of a metallic nonsuper- 
conducting phase in LSCO with variouys impurities [^), 
but was subject to criticism because it was done on poly- 
crystalline, ceramic specimens. 

We studied a series 

of single-crystalline Lai.85Sro.i5Cui_j,Zn 1/ 04 films, with 
zinc content, y, from to 0.12, and complete suppression 
of superconductivity for y > 0.055. We find that with in- 
creasing y the transition from the superconducting state 
is to a metallic state, with the carrier concentration un- 
affected by the addition of the zinc. This is in contrast 
with the carrier-driven transition that is observed with a 
change in the strontium content. We also measured the 
superconducting penetration depth (A), and find that it 
remains proportional to T 2 when y is increased, suggest- 
ing that there is no s-wave component. As y increases to 
0.12, the metal-insulator transition is approched in the 
vicinity of kpt = 1, where fci? is the Fermi wave vector 
and £ is the electronic mean free path, suggesting that 



the transition is disorder-driven. 

The c-axis oriented films, with thicknesses between 
5000 and 9000 A , were grown by pulsed laser deposition 
on LaSrA104 substrates. The films were patterned by 
photolithography and wires were attached with indium 
to evaporated silver pads. Standard six-probe geometry 
was used to measure the Hall voltage and the magne- 
toresistance. The specimens were mounted in a dilution 
refrigerator, and cooled to 20 mK without a magnetic 
field, and to 45 mK in the presence of a field. The mag- 
netoresistance was measured with low-frequency ac, in 
magnetic fields up to 8.5 T, in the longitudinal (field par- 
allel to the afe-plane) and transverse (field perpendicular 
to the a6-plane and to the current) configurations. A sec- 
ond set of specimens was prepared for penetration depth 
measurements. A(T) was obtained from the mutual in- 
ductance of two coaxial coils fixed on opposite sides of 
the superconducting film j(| . 

The zinc content in the films was checked to con- 
firm that it is the same as that of the targets |Q. The 
films have some substrate-induced strain, and varying 
amounts of oxygen vacancies so that they had a range of 
resistivities at each value of y [Q . For each y a group of 6 
to 10 films was made, and it was possible to select films 
with residual resistivities within 30% of those for bulk 
single crystals (J]. In these selected films superconduc- 
tivity persists to y c — 0.055, while for larger resistivities 
T c vanishes earlier. In ceramic specimens y c = 0.03 

The increase in the residual resistivity, Apo, as a func- 
tion of y is shown in the inset in Fig. 1. The residual 
resistivity is determined by extrapolation to zero tem- 
perature of the linear high-temperature resistivity, and 
Apo is calculated with respect to a zinc-free film with 
Pa— 36.5pficTO and T c o=35.2K. It is seen that Apo in- 
creases linearly with y at a rate of 3.3 pf2cm per at.% of 
Zn until y reaches 0.1. For larger concentrations the rate 
increases rapidly, signaling the approach to the metal- 
insulator transition. The resistivity in a two-dimensional 
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1. The normalized critical temperature, T c /T c o, as a 
function of Apo/^f; for a set of Zn-doped LSCO films, with 
< y < 0.055. The solid line shows the best fit to the AG 
formula with Xtr = 0.18. Inset: The dependence of Apo 
on y. The solid line is a fit to the experimental points for 
< y < 0.10. The dashed line indicates the unitarity limit. 



system from s-wave impurity scattering follows the for- 
mula Apo = 4(?i/e 2 )(?//n) d sin 2 5o, where n is the carrier 
concentration, d is the distance between the CuC>2 planes 
(6.5 A in LSCO), and do is a phase shift || . The dashed 
line shows the unitarity (maximal) limit corresponding to 
Sq = tt/2. We use n = 0.15, as the carrier concentration 
is shown by Hall-effect measurements to be almost inde- 
pendent of y It is seen that the scattering is about 
half as effective as in the unitarity limit. This result is 
close to the result for Zn-doped YBCO single crystals , 
but differs from that reported for single crystals of Zn- 
doped LSCO where the scattering was claimed to exceed 
the unitarity limit [Q. In fact, the discrepancy seems to 
be primarily the result of a difference in the method of 
calculating the residual resistivities Oj. 

The scattering rate for nonmagnetic impurities, 
^/timp, is related to the residual resistivity, Apo, by 
the formula 1/timp = ^^TpkB^Po/^^, where Xtr is 
an electron-boson transport coupling constant, and the 
value of ^ is from the temperature range 200K to 300K 
where the resistivity is boson-mediated. We display the 
T c — suppression by plotting the ratio Apo/|^, since the 
errors related to uncertainties of size and homogeneity of 
the specimens cancel in this ratio ||. This is shown in 
Fig. 1, where T c is normalized to T c o = 35.2 K. The solid 
line shows the best fit to the Abrikosov-Gorkov (AG) for- 
T o0 _ ,Tr (\ , h \ ^ (i) ( w here 'F is 



mula |12|, In 4^ = $ 
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the digamma function) , with the pair-breaking scattering 
rate 1/r equal to 1/t/mp jL||l4| and the fitting param- 
eter Xtr equal to 0.18. There is a slight deviation of the 
theoretical curve from the experimental points on Fig. 1 



for T c /T c0 < 0.25. The value of Xtr of 0.18 (indicating 
the weak-coupling limit) is a factor of two smaller than 
the value we estimate from high-temperature resistivity 
data, for ^ equal to the average of the experimental 
values, 2.5pX2 cm/K, and haj P = 0.8eV pL M. 
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FIG. 2. Penetration depth results: log-log graph of 
A(0) 2 — A -2 versus temperature, for films with y = 0, 0.01, 
0.025, and 0.03 and A(0) = 9800 A, 10000 A, 16000 A, 19300 
A, respectively. Inset: ln(A(0)~ 2 — A~ 2 ) versus 1/T for the 
same films. 

Both the deviation of the curve for small T c and the 
reduced value of Xtr may be related to effects which are 
not included in the AG formula, such as the anisotropy 
of the impurity scattering (which leads to a difference 
between 1/t and 1/tjmp p7|) and the spatial variation 
of the order parameter 1 18[ ISfl . The dependence of T c /T c o 
on Apo by itself does not allow us to distinguish between 
these effects. The deviations could also be caused by the 
presence of an s-wave component of the superconducting 
order parameter, and this possibility is examined below. 

Fig. 2 shows the temperature dependence of the pen- 
etration depth for four films with values of y between 
and 0.03, and values of T c from 28 K to 6.2 K. The spec- 
imen with the lowest T c has T c /T c0 equal to 0.18 which 
is in the regime where the AG formula begins to devi- 
ate from the experimental data (see Fig. 1). For d-wave 
symmetry of the order parameter, disorder leads to a 
quadratic temperature dependence X~ 2 (T)— A _2 (0) oc T 2 
for T <C Tc, while exponential behavior, A~ 2 (T) — 
A~ 2 (0) - exp(-A min /A:T), is expected for T < A min 
in an s-wave superconductor pO| , pl[| . Here the magni- 
tude of the minimum of the energy gap, A m j n , is ex- 
pected to increase with disorder for anisotropic s-wave 
pairing p2] , p3| . The quadratic temperature dependence 
is well documented for zinc-free LSCO films with differ- 
ent amounts of intrinsic disorder [ p4[ . It is evident from 
Fig. 2 that the quadratic dependence gives a much better 
description of the data for all values of y. An attempt 
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to fit a straight line to the low-temperature portion of 
the curves, as shown in the inset, leads to energy gaps 
decreasing with increasing y, inconsistent with the ex- 
pectations for anisotropic s-wave symmetry. A similarly 
negligible effect of zinc doping on the T-dependence of 
A has also been reported for YBCO p5| ]. We note that 
nonmagnetic disorder should produce a rapid decrease 
of the zero-temperature value of the superfluid density, 
ns (0) ~ A(0)~ 2 , together with a steep decrease of T c [^6| . 
Our results show that ns(0) decreases by a factor of 1.3 
per percent of impurity, which is slightly slower than the 



carrier concentration. 



rate reported for YBCO 25 but close to a theoretical 
predictions for a d-wave superconductor |2q| . 
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FIG. 3. The temperature dependence of the resistivity for 
four films with values of y of 0.055, 0.08, 0.1, and 0.12. Inset: 
Hall coefficient for films with y — 0.08, 0.1, and 0.12 as a 
function of temperature. All lines are guides to the eye. 

Fig. 3 shows the temperature dependence of the resis- 
tivity down to 20 mK for several films with large amounts 
of zinc. The film with y — 0.055 is still superconduct- 
ing, with a transition whose midpoint is at 3.5 K. The 
films with larger values of y (0.08, 0.10, and 0.12), are 
nonsuperconducting, and their resistivity increases ap- 
proximately as pah ~ In (I/? 1 ) as T is lowered, but below 
about 300 mK the increase slows down and the resistiv- 
ity is clearly finite in the T = limit. This behavior 
is markedly different from the evolution of the a6-plane 
resistivity with strontium content, where nonsupercon- 
ducting specimens exhibit hopping conductivity indica- 
tive of insulating behavior in the T = limit. 

The inset to Fig. 3 shows the temperature dependence 
of the Hall coefficient, Rjj, for three nonsuperconducting 
films. A slow increase of Rr followed by saturation be- 
low 300 mK is seen in the low-temperature region. The 
magnitude of Rh is close to that observed for y = [^7) , 
indicating that the specimens remain metallic up to the 
highest doping level, y = 0.12, without any change in the 
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FIG. 4. Transverse and longitudinal magnetoresistance for 
films with y — 0.055 (a), and y — 0.08 (b) versus magnetic 
field. The labels show the temperatures at which the mea- 
surements were made. 

The saturation of the resistivity shown in Fig. 3 could 
signal some remanence of the superconducting phase. We 
examined this possibility by magnetoresistance measure- 
ments. Fig. 4 shows the resistivity as a function of mag- 
netic field, applied in the longitudinal and transverse con- 
figurations, for two films, with y equal to 0.055 and 0.08, 
which are superconducting and nonsuperconducting, re- 
spectively, in the absence of the field. The curves are for 
constant temperatures from 2 K to 45 mK. The magne- 
toresistance is positive for the film with y = 0.055 for 
both field configurations. This is similar to the mag- 
netoresistance in LSCO without zinc (2^] and is clearly 
caused by the suppression of superconductivity by the 
magnetic field. On the other hand the magnetoresistance 
of the film with y = 0.08 is negative for both configura- 
tions, with the magnitude of the transverse magnetore- 
sistance about twice as large as the longitudinal. If we 
attribute the longitudinal magnetoresistance entirely to 
spin-related isotropic scattering, the difference between 
the transverse and longitudinal magnetoresistance gives 
the orbital part, which is then also negative. This result 
demonstrates that superconducting fluctuations are ab- 
sent in the specimen with y=0.08 and that the metallic 
nonsuperconducting phase is uniform without any macro- 
scopic superconducting inclusions. 

The values of the conductivity at T = 20 mK, uq, for 
three metallic films with y — 0.08, 0.10, and 0.12, are 
equal to 1430, 1098, and 436 (ficm) -1 , respectively. Us- 
ing a linear extrapolation to Co = we estimate that 
the metal-insulator transition occurs at yui ~ 0.14. We 
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also estimate the magnitudes of kpl for these specimens 
as equal to 2.4, 1.8, and 0.7, respectively from the relation 
for a 2D free-electron system, kpl = hda /e 2 . We see 
that the metal-insulator transition occurs in the vicinity 
of kpl — 1, as expected for disorder-induced localization 
p9[ in contrast to suggestions that the superconductor- 
insulator transition in this system occurs at h/Ae 2 = 6.5 
kfi |Q . The value of umi is remarkably small compared 
to the fraction of the nonmetallic constituent required 
for the metal-insulator transition in amorphous systems 
p0| , showing that the Zn creates extremely effective lo- 
calization centers in the CuC>2 plane (see, e. g., Ref. |31|) 
and that in addition to the effect of disorder, the scat- 
tering by Zn-impurities is enhanced by electron-electron 
interactions in this strongly correlated system. 

In related work we have shown that with increas- 
ing y the high-temperature susceptibility of the ceramic 
targets evolves toward the Curie-Weiss relation, \ — 
CJiT + ©), with 9 reaching about 40K at y = 0.14 
|p2f . This result indicates that large Zn-doping, while 
removing Cu-spins, restores some antiferromagnetic or- 
dering in LSCO. It has been suggested before on the basis 
of neutron scattering experiments that substitution of a 
small amount of zinc in LSCO (y — 0.012) may stabilize a 
short-range-order spin-density-wave state |33|, and our 
result appears to be consistent with this suggestion. Re- 
lated magnetic effects are presumably responsible for the 
large negative magnetoresistance and for the saturation 
of the resistivity at low temperatures. 

The experiments described here indicate that the sup- 
pression of superconductivity by Zn-doping in LSCO 
proceeds without a change of the symmetry of the or- 
der parameter, up to the point where superconductiv- 
ity disappears and the normal metallic phase is reached. 
This result favors models that predict pure d-wave sym- 
metry, as for example, the spin-fluctuation exchange 
model. With further doping the metal-insulator tran- 
sition occurs in the vicinity of kp£ — 1, showing that it 
is disorder-driven. 
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